■ INTRODUCTION
The continued interest in new ligand systems that support metallic centers involved in, for example, catalytic processes has led to the design of increasingly elaborate compounds to accomplish this target.
1 In contrast, a series of simple organic molecules could satisfy the need for alternative ancillary ligands with diverse electronic and steric properties. In particular, guanidine derivatives have been widely used for the stabilization of different metal complexes. 2 The ease of substituent modification within the guanidinate framework enables the variation of the interesting steric and electronic features of the ligand and its coordination to the metal center (Scheme 1). Among the direct methods for synthesizing N,N′,N″-trisubstituted guanidines, catalytic guanylation of amines with carbodiimides is a 100% atom-economic process. 3 Numerous different examples of this reaction have been reported in recent years. 4 For example, we described a new approach 5 that involves the use of simple catalysts for the guanylation of amines (Scheme 2). These guanidines could coordinate, in a way different from that found in previously described complexes, in an asymmetric manner by means of one alkylamino nitrogen and the arylimino nitrogen atom.
Imido ligands are suitable for the stabilization of metal complexes in high oxidation states. 6 As a continuation of our interest in the area of imido complexes of group 5 metals, 7 we have extended the relatively unexplored chemistry of guanidinate complexes of this group 8 with the aim of obtaining alkylimido niobium(V) guanidinate derivatives and exploring their activity and the influence that these polydentate ligands have in isocyanide insertion migration into niobium−alkyl bonds.
■ RESULTS AND DISCUSSION
We recently reported 5,7a that some commercially available products can be used as catalyst precursors for the guanylation of aromatic amines. This procedure was used to obtain the simple guanidine proligands 2-(4-(tert-butyl)phenyl)-1,3-diisopropylguanidine (1), 5 2-(4-bromophenyl)-1,3-diisopropylguanidine (2), 4b and 2-(4-methoxyphenyl)-1,3-diisopropylguanidine (3) 4a in good yields using ZnEt 2 as catalyst. A direct method for the synthesis of biguanidines is the double catalytic addition reaction of diamines to carbodiimides. The reported catalytic procedure was extended successfully by the addition of 1,4-diaminobenzene to 2 equiv of i PrNCN i Pr. The reaction was complete after 2 h to afford quantitatively the corresponding biguanidine proligand 2,2′-(1,4-phenylene)bis(2′,3-diisopropylguanidine) (4), which was previously obtained by means of complex titanium or lanthanide compounds.
4f,m This compound was used as a model system to study its potential to act as a bridge between two metal fragments.
Among the known routes to obtain new guanidinate complexes, the direct reaction between the proligand and a metal complex containing ligands that are susceptible to cleavage by protonolysis has been widely used. These reactions avoid the production of salt-containing byproduct and facilitate the isolation of the target compound. 8, 10 In group 4 chemistry, M(CH 2 Ph) 4 starting materials (M = Zr, Hf) are the compounds of choice. In a similar protocol, coordination of ligands 1−4 to niobium(V) was studied by treatment with [NbBz 3 (N t Bu)] (5) . 11 The reaction of 1 equiv of 1, 2, or 3 with 1 equiv of 5, or the reaction of 4 with 2 equiv of 5, in toluene at room temperature, results in the formation of the corresponding dibenzyl complexes 6−9, respectively, in good yields after recrystallization ( 1 H NMR spectroscopy showed complete conversion after a few seconds) (see Scheme 3). These complexes were stable for several weeks in solution under an inert atmosphere, at room temperature, and with exposure to light.
The 1 H NMR spectra of the different guanidinate compounds 6−9 are quite similar. Methyl fragments of isopropyl groups of the guanidine ligands appear as two doublets close to δ 0.6 and 1 ppm, a finding that indicates an asymmetric disposition of the coordinated ligand (which is symmetric when free). One of the methine isopropyl groups is coupled with a doublet close to δ 3.5 ppm, and this signal is assigned to the remaining NH group from a noncoordinated isopropylamino group. NOESY-1D experiments give an indication of the proximity of the other isopropyl amino group to the imido moiety, which appears near δ 1.4 ppm. In addition, two coupled (ca. 8 Hz) doublets at around δ 2.3 and 3 ppm were observed for the diastereotopic methylene protons of the two benzyl ligands. The 13 C NMR spectra contain signals that are consistent with the proposed structures, including a single carbon resonance at δ 56 ppm correlated to both methylene doublets and a diagnostic signal close to δ 164 ppm for the central carbon of a κ 2 monoanionic chelating guanidinate.
8g The 1 J CH value for the methylene group (ca. 134 Hz), the high-field chemical shift of the ipso carbon of the phenyl group (δ ∼140 ppm) and the methylene carbons (δ ∼56 ppm), and the germinal coupling constant ( 2 J HH ≈ 8 Hz) all suggest a η 2 coordination of the two equivalent benzyl groups. This type of η 2 coordinative behavior of the benzyl ligand in d 0 early transition metals is very common.
7e,10f,11,12
The spectroscopic features described above are indicative of a C s -symmetric coordination that is consistent with a pseudobipyramidal geometry in which the strong donor imido ligand and the aromatic supporting nitrogen atom of the guanidinate ligand occupy the opposite axial positions, whereas the second coordinated nitrogen atom of the guanidinate, which bears an isopropyl moiety, and two equivalent benzyl groups are located in the equatorial positions.
X-ray single-crystal structure determinations were carried out for 6, 8, and 9. The molecular structures and atomic numbering schemes are shown in Figures 1 and 2 ; selected bond lengths and angles are given in Table 1 . Suitable X-ray-quality crystals were obtained from pentane (6 and 8) or tetrahydrofuran (9). Complex 6 crystallizes in the Pbca space group. Complex 8 crystallizes in the P1̅ space group. Finally, complex 9 crystallizes in the C2/c space group. It is noteworthy that complex 9 is one of the few examples of a biguanidinate complex of a group 5 metal that has been structurally characterized 8d and, in this case, the biguanidine bridges two metal centers.
The distribution of the atoms around the niobium center in all three complexes is quite similar. A distorted-trigonalbipyramidal geometry was found with an N2−Nb1−N3 angle of approximately 60°. The imido group occupies one of the axial positions, and the nitrogen atom bearing the aromatic group of the guanidinate occupies the other axial position. The equatorial plane contains the second coordinated nitrogen atom of the guanidinate ligand as well as the methylene fragments of the benzyl groups. The imido group is quasilinear with an Nb1−N1−C1 angle between 175.6(4) and 178.0(3)°a nd an Nb1−N1 bond distance of 1.76 Å. The quoted values for the angles and the distances are very close to those described for other imido complexes 6,8a,11,13 and are consistent with the existence of a metal−nitrogen fragment with a triple bond and an sp-hybridized nitrogen atom. The ligand thus formally donates six electrons in total to the niobium center. The Nb1−N1 distance is slightly longer than in the case of the halide-containing complex [Nb(N t Bu)Cl 3 (py) 2 ], with a value of 1.734 Å.
13c This difference can be explained by the higher donor strength of the guanidianate ligand compared with that of the chloro ligands.
Charge delocalization around the guanidinate atoms is postulated on the basis of the C−N distances (∼1.35 Å for N2−C5, N3−C5 and N4−C5), which are intermediate between the values expected for C−N single and CN double bonds, 5 and the planarity of the "CN 3 " core, which is evidenced by the sum of the bond angles around C5 (360°). The C5−N4 distance is also shorter than one would expect for a typical C− N single bond. These data imply that the guanidinate ligand acts as a strong donor toward the metal center in these complexes. Trans to the imido group, the Nb1−N3 bond is elongated compared to the Nb1−N2 bond (Δ(Nb−N) ≈ 0.26 Å), as one would expect due to the trans influence of the imido group.
The Nb1−C12−C13 angle of ∼87°and the Nb1−C13 distance of ∼2.6 Å both indicate that one benzyl group shows η 2 hapticity. In contrast, the Nb1−C31−C32 angle (∼105°) and the Nb1−C32 distance (∼3 Å) indicate that the second benzyl group shows η 1 hapticity. The results of the structural analyses are not consistent with the NMR results, which indicate that, in solution, the two equivalent benzyl groups have η 2 hapticity. It can therefore be deduced that the benzyl ligands pass uninterrupted from η 1 hapticity to η 2 hapticity (and vice versa). Unfortunately, this exchange could not be frozen in a 1 H NMR study in solution at low temperature (163 K).
The dinuclear complex 9 shows characteristics similar to those of mononuclear complexes 6 and 8. The two metal centers are separated by 9.67 Å, and the dihedral plane formed by the metal guanidinate moiety and the central phenylene group is 61.6°.
The migratory insertion reactions of CO or isocyanide ligands into alkyl groups allows the formation of new C−C bonds to give acyl or iminoacyl groups. In highly oxophilic d 0 early transition metals, the iminoacyl group usually adopts a characteristic κ 2 -C,N coordination mode through both the nitrogen and carbon atoms of the double bond. 9 This reaction represents an interesting way to approach fundamental research into these alkyl guanidinate niobium complexes in order to access a significant area in the organometallic chemistry of the group 5 metals. 9b,12,14,15 The reaction of the dibenzyl compounds 6−9 with tert-butyl isocyanide ( These products originate from the migratory insertion of two isocyanide molecules into the two niobium−alkyl bonds. Even when the stoichiometry was adjusted to promote the single insertion, the final products were those described above together with unreacted starting materials. Compounds 10− 13 were also isolated on a larger scale (see the Experimental Section) and were characterized by FT-IR and NMR spectroscopy. A characteristic band at ca. 1550 cm −1 was assigned to the ν(CN) vibration of the κ 2 -iminoacyl groups.
9
The 1 H NMR spectra of the complexes obtained from 6−8 indicate the formation of two products in an approximate ratio of 1:1. NOESY-1D experiments indicate that the relative coordination of the guanidinate ligand was retained in the new complexes. The insertion of the isocyanide compounds is suggested by the disappearance of the two doublets due to benzyl methylene protons and the appearance of two overlapped AB systems at ca. 4 ppm, corresponding to the diastereotopic benzylic protons. Four doublets of equal intensity, assigned to methyl groups on the isopropyl units, are observed along with four singlets, assigned to two tert-butyl imido and two tert-butyl iminoacyl groups, respectively, of relative intensity 1:2, in addition to other doubled signals of the corresponding guanidinate (see the Experimental Section). These signals lead us to propose the formation of two isomers with a C s symmetry. The κ 2 binding mode of the iminoacyl groups in these complexes is also suggested by 13 C NMR data, where two very similar resonances at δ ∼220 ppm 9a were assigned to the iminoacyl carbon atoms of two different isomers. The relative orientation of the two κ 2 -iminoacyl groups, as required to fit with the symmetry indicated by the NMR spectra, is shown in Scheme 5. These geometric isomers are described as pseudo-bipyramidal complexes, in which the two κ 2 -iminoacyl groups formally occupy two coordination sites, with the nitrogen atoms both oriented proximal or distal to the guanidinate ligand. In the case of complex 9, three isomers were obtained in an approximate 1:1:2 ratio and these correspond to the three possible configurations: i.e., distal− distal, proximal−proximal, and proximal−distal distribution of the two pairs of κ 2 -iminoacyl groups on each niobium atom of each dinuclear isomer, respectively.
In contrast to the situation outlined above for t BuNC and the reactivity observed for the parent compound 5, 14 the reaction of 2 equiv of 2,6-dimethylphenyl isocyanide, XyNC, with dibenzyl compounds 6−9 proceeded at room temperature to give a complex mixture of compounds. The 1 H NMR spectrum in C 6 D 6 after several hours shows sharp and broad lines along with evidence for the presence of starting materials. In addition, an AB system located close to δ 4 ppm can be assigned to a methylene group of an iminoacyl ligand that arises, as for complexes 10−13, by a migratory insertion process. Surprisingly, this mixture was transformed in almost quantitative yield by gentle heating at 50°C for 16 h into a single product on starting from complexes 6−8; in the case of compound 9, however, a 1:1 mixture of isomers was obtained. The 1 H NMR spectra of these new complexes contain two doublets, one at δ 5 ppm and the other downfield at δ 8 ppm. These resonances were attributed to the formation of a vinylamido group. The 3 J HH coupling constant between these two protons is 13 Hz, and this value is consistent with a trans arrangement of the olefinic moiety.
16a A close AB system was also observed at δ 3.7 ppm. This finding, along with the presence of a signal in the 13 C NMR spectra at δ 240 ppm, allows us to propose the presence of an additional κ 2 -iminoacyl group (Scheme 6).
The resulting chiral environment around the metal center makes the isopropyl methyl groups diastereotopic, with the signals split into four doublets. Two sets of inequivalent methyl groups in the δ 1.5−2.5 ppm region indicate that the rotation of the two distinct 2,6-dimethylphenyl groups is hindered in these molecules. The presence of two chiral centers in 17, obtained from complex 9, results in the formation of two diastereoisomers in a 1:1 ratio, as mentioned above.
The formation of vinylamido ligands from isocyanides has already been observed for some group 4 metal complexes 10a,b,d,16 and one niobium complex. 17 A plausible mechanism for the formation of 14−17 would first involve reaction of the -C,N-iminoacyl)-containing species. However, all attempts to isolate this intermediate were unsuccessful. Reaction of the parent compound 5 with 2 equiv of XyNC at 50°C for more than 1 day, or in the presence of an excess of pyridine as an external donor ligand, did not give a vinylamido analogue, but the bis(iminoacyl) complex was obtained.
14 This result indicates that the presence of the guanidinate ligand influences the reactivity of the metal center, probably due to greater electronic density on the niobium atom and, essentially, a steric influence on the probable iminoacyl intermediate. 16c This factor forces a 1,2-hydrogen shift to form the final vinylamido ligand from one of the iminoacyl groups, with the other one remaining intact. This situation is in contrast with that previously described for similar group 4 complexes, where both of the iminoacyl groups were transformed into vinylamido ligands. The guanidinate effect does not translate to complexes 10−13, which contain less bulky iminoacyl ligands that do not undergo this further transformation on heating.
Suitable X-ray-quality crystals of complex 17 were obtained from pentane. The molecular structure and atomic numbering scheme are shown in Figure 3 ; selected bond lengths and angles are given in Table 2 . Complex 17 crystallizes in the P2 1 /n space group. The presence of a vinylamide group was confirmed by this analysis and also the presence of a κ 2 -C,N-iminoacyl ligand. Although this kind of complex has been observed previously for a niobium compound, 17 as mentioned above, complex 17 is the first such example that has been structurally characterized. The distribution of the atoms around the niobium center was altered in comparison to that in the parent compound 9 (the imido group is not in a trans disposition to the N3 guanidinate atom). In this case, a very distorted square pyramidal geometry is proposed, with the vinylamido group occupying the axial position and the base of the pyramid occupied by both coordinated nitrogen atoms of the guanidinate ligand, the imido group, and the fourth position occupied by the centroid of the κ 2 -iminoacyl ligand. The existence of this disposition can be explained in terms of the steric hindrance around the metal atom. The imido group is quasilinear with Nb−N1−C1 angles of 177.3(5) and 174.9(5)°for Nb1 and Nb2, respectively, and Nb−N1 distances of 1.766(5) and 1.752(5) Å for Nb1 and Nb2, respectively. The planarity of the "CN 3 " core, which is evidenced by the sum of bond angles around C5 (360°), is in contrast with the three different distances found for the N−C bonds (∼1.32 Å for N2−C5, ∼1.35 Å for N3−C5, and ∼1.37 Å for N4−C5). These data imply a different charge delocalization in this complex, with a less donating guanidinate ligand, probably due to the presence of other strong donors, such as vinylamide, in the coordination sphere of the metal atom.
■ CONCLUSIONS
The synthesis and characterization of new imidoguanidinate alkyl niobium(V) compounds were carried out. Guanidine 
■ EXPERIMENTAL SECTION
General Procedures. All reactions were performed using standard Schlenk and glovebox techniques under an atmosphere of dry nitrogen. Solvents were purified by passage through a column of activated alumina (Innovative Technologies) and degassed under nitrogen before use. Microanalyses were carried out with a PerkinElmer 2400 CHN analyzer. NMR spectra were recorded on a Varian FT-400 spectrometer using standard VARIAN-FT software for NOESY-1D, COSY, g-HSQC, and g-HMBC. FT-IR spectra were recorded on a Bruker Tensor 27 spectrophotometer. Compounds 1−3 and 5 were prepared according to literature procedures. 5, 11 An alternative synthesis of the previously reported 4f,m 4 was used, following the procedure described for 1−3. NbCl 5 , ZnEt 2 , amines, isocyanides, and diisopropylcarbodiimide were purchased from Aldrich.
Synthesis of 2,2′-(1,4-Phenylene)bis(2′,3-diisopropylguanidine) (4). A Schlenk flask was charged with 1,4-phenylenediamine (1.30 g, 12.0 mmol), N,N′-diisopropylcarbodiimide (3.70 mL, 24 mmol), 2 mol % of ZnEt 2 (1 M in hexanes), and 30 mL of THF. The solution was heated at 50°C for 2 h. The resulting solution was separated by filtration, and the volatiles were removed under reduced pressure. The residue was washed with hexane and then dried to give 1 as a white solid. The identification was made by comparison with the NMR data previously reported in the literature. Yield: 4.10 g (94%).
Synthesis of {NbBz 2 (N t Bu)[(4-t BuC 6 H 4 )NC(N i Pr)(NH i Pr)]} (6). 2-(4-tert-Butylphenyl)-1,3-diisopropylguanidine (0.19 g, 0.68 mmol) in toluene (30 mL) was added to a solution of [NbBz 3 (N t Bu)] (0.30 g, 0.68 mmol) in toluene (10 mL). The reaction mixture was stirred for 1 h at room temperature. The resulting yellow solution was evaporated to dryness in vacuo. The yellow solid was redissolved in pentane and cooled to −20°C for crystallization, to afford yellow crystals of 6. Yield: 0.36 g (86% Pr)]} (7). The same procedure described for 6 was followed, using 2-(4-bromophenyl)-1,3-diisopropylguanidine (0.20 g, 0.68 mmol) in toluene (30 mL) and [NbBz 3 (N t Bu)] (0.30 g, 0.68 mmol) in toluene (10 mL) to afford 3 as a yellow solid, which was recrystallized from pentane at −20°C. Yield: 0.37 g (84% 124.5, 125.6, 125.8, 129.6, 138.5, 138.7, 139.8, 141.0, 147.7, and 149 Pr)]} (11). The same procedure described for 10 was followed, using t BuNC (0.21 mL, 1.86 mmol) and 7 (0.60 g, 0.93 mmol). Yield: 0.38 g (51%). 125.8, 129.5, 129.6, 130.5, 130.6, 138.2, 138.3, 149.5, and Pr)]} (12). The same procedure described for 10 was followed, using t BuNC (0.22 mL, 2.00 mmol) and 8 (0.60 g, 1.00 mmol). Yield: 0.31 g (41%). 113.6, 113.8, 115.2, 122.8, 124.2, 125.3, 125.9, 126.1, 130.0, 138.7, 139.0, 144.2, 145.7, 153.0, and 153.7 NbO: C, 66.30; H, 8.35; N, 11.04. Found: C, 66.20; H, 8.38; N, 11.12 Pr)) 2 ]} (13). The same procedure described for 10 was followed, using t BuNC (0.26 mL, 2.30 mmol) and 9 (0.60 g, 0.57 mmol). Yield: 0.34 g (43%). 121.6, 122.0, 122.7, 142.1, 125.3, 125.7, 129.6, 138.3, 138.7, 138.9, 141.6, 142.4, and 143.7 C, 65.97; H, 8.45; N, 12.15; Nb, 13.43. Found: C, 66.17; H, 8.54; N, 11.85 14) . 2,6-Me 2 C 6 H 3 NC (0.06 g, 0.46 mmol) in toluene (5 mL) was added to a solution of 6 (0.14 g, 0.23 mmol) in toluene (5 mL). The reaction mixture was stirred and heated to 50°C for 16 h. The resulting dark brown solution was evaporated to dryness in vacuo. The dark solid was redissolved in pentane and cooled to −20°C for crystallization, to afford dark brown crystals of 14. Yield: 0.08 g (38% (17) . The same procedure described for 14 was followed, using 9 (0.10 g, 0.09 mmol) and 2,6-Me 2 C 6 H 3 NC (0.05 g, 0.36 mmol). Yield: 0.06 g (41% 98.7 (PhCHCH), 122.6, 124.1, 124.3, 125.5, 125.8, 126.0, 126.7, 129.2, 130.1, 134.1, 134.5, 136.2, 137.7, and 141.5 (aromatic carbons), 146.5 (PhCHCH) , 146.9 (PhCHCH), 165.1 (CN 3 ), 241.3 (ArNCCH 2 Ph), 241.5 (ArNCCH 2 Ph). Anal. Calcd for C 92 H 116 N 12 Nb 2 : C, 70.12; H, 7.42; N, 10.67. Found: C, 70.25; H, 7.68; N, 10.85 .
X-ray Structure Determination for Complexes 6, 8, 9, and 17. Crystals of complexes 6, 8, and 17 were obtained from pentane solution, and complex 9 was crystallized from THF solution. Crystals of complexes were mounted at low temperature in inert oil on a glass fiber. Data were collected on a Bruker X8 APPEX II CCD-based diffractometer, equipped with a graphite-monochromated Mo Kα radiation source (λ = 0.710 73 Å).
The crystal data, data collection, structural solution, and refinement parameters for the complexes are summarized in Table 3 . Data were integrated using SAINT, 18 and an absorption correction was performed with the program SADABS. 19 The structures were solved by direct methods using SHELXTL 20 and refined by full-matrix leastsquares methods based on F 2 . All non-hydrogen atoms were refined with anisotropic thermal parameters. All H atoms were computed and refined with an overall isotropic temperature factor using a riding modelexcept for H4, which was located in the difference electron density map and then refined. There are some atoms in a disordered position for complexes 6, 8, and 9. Complexes 9 and 17 have two THF and two pentane solvent molecules, respectively.
The small size of the crystals of 17 prevented the structure from being solved in a higher symmetry system. We repeated data collection with different crystals but were unable to obtain better data. However, considering the importance of the structure, it was solved despite the aforementioned problems. 
